
Barriers to Drug Delivery 
in Solid Tumors ^ 



Many tumors resist full penetration by anticancer agents. 
^ Such resistance may help explain why drugs that eradicate tumor cells 
in laboratory dishes often fail to eliminate malignancies in the body 
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An agent that destroys cancer cells 
ZA in a culture dish should, in theo- 
jLJLry, be able to kill such cells in 
the body. Certain dnxgs that display po- 
tent anticancer activity in the l^rato- 
ry have indeed saved the lives of many 
patients, particularty those suffering 
bom various pediatric cancers or ma* 
Itgnandes of the blood. Sadly, however. 



ies my colleagues and I have conducted 
during the past 20 years show thatsgljU 




ilikdy to explain 
the disappointing results. Nevertheless, 
recent research indicates that a mudi 
overiooi 
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also be killed by heating, and so hy- 
perthermic therapies scnnetlines involve 
drugs that increase a tumor's response 
to heat In photodynamic ttierapy, a 
^^|^?icompound that is relatively harmless 

w^J M^SgSgiyP^ ^ exposed to laser light is ii^Ject- 

c^too^^^ngtteobstacles ed and given time to collect in a tumor. 
Miii«d«ttifiv»s&sBuiuLi4^ . — jljgjj jjgl^j ^ focused on the mass. 

I was a graduate student in chemical 
engineering at the UnWersity of Del- 
atvare when I first became intrigued 
■■HBpllfe- 

" Wet ifij^^ for nie 

to assist Pie tn> KL GulUno of the Nation* 
al Cancer Institute in measuring die up* 
take of drugs by malignancies in ani- 
mals. As I learned more and more about 

cancer, it became obvtous to me tliat the 
fa 



Lt solid cancers by suxgical removal 
or by irradiatloa however, parts of ah 
original (primary) mass cannot be ex- 
cised or ff tihe tumor is thought to have 
metastasized, doctors may rdy on sys- 
temic drug therapy to diminate any re- 
tissue. 



ate tumors, the I 
disperse throughout' 
growths in concentrations hlg^ t 
to eliminate every deadly cell. ' 
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^ and other tecfanolo- 
provided a second dass of 
teins and other biological 
class encompasses sev- 
lolecules of the iromime system, 
suaiil^timKV neaosis factor, interleu- 
5^; kins, interferons and monoclonal antl- 
'^bodies. It also indudes white blood cells 
'^ov\Ti as lymphokine-actlvatcd killer 
(LAK) cells and tumor-infiltrating lym- 
phocytes, as well as various agents de- 
signed to carry out gene therapy. 

Radiation therapy may similarly in- 
corporate dclwery of blood-bomc drugs. 
Radiation works in part by converting 
oxygen molecules into highly destruc- 
tive forms called free radicals. Yet tu- 
mors are frequently oxygen deficient. 
In an attempt to increase the vulnera- 
bility of malignancies to the treatment, 
investigators are testing the value of 
administering sensitizing agents that 
mimic oxygen or somehow elevate o.vy- 
gen levels in a tumor. Malignancies can 




background, tnduding my understand- 
ing of fluid and molecular transport, 
could aid in exploring diat possibility. 
The like lihood that tum ors could im- 

partly by ^<he tf ' STO WBte Contrary to 
popular perception, malignant grouths 
are not merely clusters of proliferating 



IDEAUZED SOUD TUMOR has been part- 
ly cut away to reveal some of its blood 
vessels. Before a blood-borne drug can 
begin to attack malignant cells in a tu- 
mor, it must accomplish three critical 
casks (tferai/). It has t make its way into 
a microscopic blood vessel lying near 
malignant cells in the tumor (i), exit 
from the V ssel into the surrounding nia- 
tri\ (the interstittum) {2) and, finally, 
migrate through the matrix to the ceils 
(J). Unfortunately, tumors often develop 
in ways that hinder each of these steps. 
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_ .CancerceUs' ftm^oQp/less than 
|:^iaif the volume f a[ iiimoir. One to 10 
v^t'-percent of the volume Is contributed 
^^fay blood vessels weaving through the 
^i^^tumor mass. The remaining space Is 
'^^filied primarily by m abimdant coUa- 
gen-ridi matrix— the Interstidum— that 
sunounds cancer cells and can sqiarate 
thai from the vasculature. (Healthy tis- 
sue contains an extracellular matrix as 
well, but the interstitium in tumors is 
usuaUy more extensive.) 

To reachcancer cells in a tumor, then, 
a therapeutic agent must make its way 
into the blood vessels of the tumor and 
across the vessel wall into the intersti- 
tium^ Finally, it must travel, often great 
dlstiinces, through that matrix to the 
cells. Accomplishing any of those steps, 
I reasoned, could be problematic 

I was unable to pursue tUs idea vAien 
I obtained my first faculty position, but 



niy pp&j^inlty came in 1978. the year 
I moved fe'tMnegie Mellon University. 
My colleagues and I— a mulddisdplin- 
ary groupH^iam been studying barriers 
to drug penetration iever since, most re- 
cently at ;llaivanl University and at 
Massadiusetts General Hospital, vMch 
IJofnedinl99L 

We apply several methods in ur 
woilc. For example, at Carnegie Mellon, 
we immediately adopted a method in- 
troduced by Gullino in 1961. In this ap- 
proach we grow tumors in rodents so 
that each cancerous mass is 
connected to the circulatory 
system by a single artery and 
a single vein. That arrange 
ment enables us to measure 
how much dnxg flows into 
and out of a tumor. From 
such infonnatkxi,ttie amount 
of drug that is retained can 



be calculated. We also developed a re- 
lated procedure Oiat penults the study 
of colon cancers arising spontaneously 
in humans. When surgeons remove tu- 
mors from patients, they can occasion- 
ally provide us with Individual nodules 
fed by one artery and drained by one 
vein. We then ntaintain the dfculation 
artificially. 

Although these approadbes yield val- 
uable information, the Inner woridngs 
of the tumors remain something of a 
black box. To obtain detailed insight 
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How bnijpOe^ Is 
Studied Experimentally 

The authoi^'ygrcmp two 
main experimehud strategies for 
determining the fate f drugs in tu- 
mors. In Isolated tumor^ tedmiques 
the workers Implant into a rodent a 
tumor that Is fed by a single arter/ 
and drained by a single vein (a), or 
they occasionally obtain sudi a tu- 
mor from a human patient and keep 
blood flowing artificially (b). Then 
they measure the amount of drug 
eritering and leaving the tumor and 
calculate the amount absorbed 

In Vindow" techniques Che Inves- 
tigators grow a tumor in the ear of a 
rabbit (c) or on the brain (<0 or dor- 
sal skin (e) of a rodent and put a 
glass cover slip on the tumoc By fo- 
cusing a microscope on the visible 
dssue. they on direcdy obsecve such 
phenomena as the devetopment of 
new blood vessels and the spread of 
adrug through atumoc 

The photographs trade changes 
that occurred between the fifth day 
and 20th day (fc/t fD h^/ft) after can- 
cer cells were Implanted In the dor* 
sal skin of a rodent By day 20, the 
periphery of the resulting tumor had 
gained a tangle of bkxxl vessels, but 
ttie center fiad bst much of its bk)od 
supply (ivMte ami). The tumor thus 
lost vessels needed fix bringing 
blood-bonne drugs directly to the 
central regloru 
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Into the flow of blood and the distilbu- 
tioti of dnigs and odier substances in a 
tumcn; we apply modified verskms of 
•window" techniques that wane intm- 
duoed for use In rabbits by J. Calvin 
Sandison of the Iftifversity of tainsyi- 
vania In tbe 1920s and for use In mice 
by Gienn H. Algfre of the National Can- 
cer Institute in the 1940s. 

We i^^)lant tumor ceils in the ear of 
a rabbit or on the brain or back skin of 
a rodent Then we cover them with a 
transparent glass cover slip or sand- 
wich them between two cover slips. As 
the resulting tumor grows against the 
glass, we can observe it under a micro- 
scope. By anaching fluorescent labels 
to li^ected agents, we can even trace the 
passage of various substances through 
the tumor. Since 1991 ur access to im- 
munodefldent mice has enabled us to 
view hiunan tumors, not merely those 
of animal origin. (The lack of an Im- 
mune system prevents the mice from 
r^ecting the human grafts.) Mathemat- 



ical modritng, a classic engineering 
strata, alkb our fnvonfgations as «vell. 
It allows us to annblne theory with ex- 
polment, to foranilate and test predic- 
tions, and to minimize the number of 
animals in our experiments. 

Early on. our work and that of others 
revealed that the vascular system of tu- 
mors can be highly disorganized, both 
in its structure and its operation. This 
disorganization, in turn, can fom one 
important barrier to dnig delivery. In 
normal otgans, blood vessels are ar- 
rayed predictably and provide blood to 
all areas of the constituent tissue Ar- 
teries deUvering oxygenated blood from 
the heart divide into smaller arterioles 
and then into microscopic capillaries. 
From the capillaries, fluid, nutrients 
and oxygen pass into the surrounding 
matrix and cells. The capUlarics feed 
into venules, which take up wastes and 
excess fluid from the tissue and deliver 
ihcm to veins for rcmov'al. 
Although tumors initially obtain blood 



fix)m the existing vasculature in tbe re- 
gion, they eventually produce new small 
blood vessels, v*lch brandi excessive- 
ly, twist into tortuous shapes and grow 
in unpredictable directions that can 
change from day to day. Consequently, 
some areas of the tumor may be wcU 
vascularized, whereas others have little 
or no blood supply. 

These findings thus indicated that 
one of the first problems a blood- 
borne drug encotmters en route 
to cancer ccUs is an uneven distribution 
of blood \ essels. Indeed, through our 
transparent windows we can see that 
regions lacking blood vessels receive 
no drug directly from the circulation. 
(Tumor cells in those blood-starved ar- 
eas may seem, on superficial inspec- 
tion, to be dead, but they frequently re- 
vive if nourishment returns.) 

VVhat is more, the aberrant branching 
and twisting of the vasculature often 
contribute to an observable slowing of 
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btood Qow% 0he^j%K^ ^ ex- 
acerbated by the imu»ial viscosity of 
the blood in tumors.")^ slowed flow 
hindois delivery of drugs to pooriy per- 
fused x^ons f Uie tumor. It also par- 
' tidpa tes in causing o tber dnig-delivery 
problems, as will be seen. 

Ibe nontmifonn blood supply is by 
no means the nly obstade to the 
spread of a dnig ina tumor. A second 
impediment takes the form of abnor- 
mally high pressture in the interstitial 
matrix (as measured by the force the 
matrix exerts on a probe inserted into 
ity. Tbe pressure can retard the passage 
of large molecules across vessel walls 
into the interstitial matrix. It can thus 
contrbute to the low concentration of 
drug molecules frequendy seen (by 
fluorescence microscopy or other imag- 
ing techniques) in the interstitial matrix 
f animal and human tumors growing 
in mice. 

We began to suspect that interstitial 
pressure might pose problems for drug 
delivery when we took a dose look at 
tbe forces that control the movement 
of molecules from the blood into the 
matrix. Sudi passage occurs across or 
between endothelial cdls. which line 
vessd walls in a single layer. We knew 
that molecules leave bkxxl vessels (ex- 
travasate) primarily by two mecha- 
nisms: difftision and cotrvectkm. (Cells, 
whidi I shall discuss separately, use a 
diird ption as well.) Difihiskm is the 
movement of molecules fitmi an area 
f high concentration to an area of 
lower concentration. Onvection is the 
transport of molecules by a stream of 
ftowing fluid. Unlike dURiskin, which is 
unaCTected by pressure gradients, cott- 
vecckm is governed by tfaenc fluU flows 
&om areas of high pressure to areas of 
k>w pressure, carrying rnoificufes with it 

The difference between the two pro- 
cesses can be Ilhistratedby a simple ex* 
ample. When a bld> of bdc is dropped 
into a glass of stOl water, the ink mole- 
cules spread gradually outward— by dif- 
fusion—until a uniform concentration 
is adiieved. If, however,%vater ina glass 
is stirred after a drop of ink is added, 
the swirling water rapidly distributes 
the ink wherever the fluid travels. 

We knew, too, that small molecules- 
such as oxygen and conventional che- 
motherapcutic drugs (which have a 
molecular weight lower than 2,000 dal- 
tons)— leave blood vessels and migrate 
through normal tissue mainly by diffu- 
sion. But large molecules- induding ge- 
netically engineered drugs (which have 
a molecular weight greater than 5,000 
daltons)— move mainly by convection. 

In hcailhy tissue, convective move- 
ment of large molecules from the blood 
into the intcrstitium occurs because 



the pressiue in the capillary network is 
higher than the pressiuc in the intersti- 
tial tissue (whidi is approximatdy zero). 
But what happens in tumors? In 1987 
I propo^ that if the interstitial pres- 
sure iii^j^Iid tumors %vas abnormally 
higbt Ihe convective passage of large 
drug molecules into the interstitium 
wotdd be impeded. Some big molecules 
wmild still enter the matrix by diffusion 
but not rapkfly, because the rate of pas- 
sage by diffusion becomes slower as 
size increases. 

In order to begin testing this hypoth- 
esis, my colleagues and I set out to 
detmnine %vhether interstitial pres- 
sures in human timiors are indeed ele 
vated. TWO early discoveries lent sup- 
port to that possibility. First, a review 



of the sdcntific literature revealed that 
in 19S0 J. S. Y ung and his co-%vorkers 
at the University of Abodeen had mea- 
sured intersddal pressiue at the center 
of rabbit timiors that were transplant- 
ed int other rabbits; the pressure in 
the tumors was hlgha* than that in nor- 
mal tissue. Other groups had subse- 
quently published similar findings. The 
rdcvance to spontaneous hiunan tu- 
mors was imdcar, though, and so these 
discoveries were largely ignored. 

Second, vAim one of my graduate stu- 
dents and I developed a mathematical 
modd of pressure distribution in solid 
tumors in 1988, the modd suggested 
that interstitial pressure would be high. 
In fact, it produced the imexpected 
prediction that the pressure would be 
equally high throughout the bulk of a 





CAST OF BLOOD VESSELS in a half-pound human tumor is shown in two views. It 
was made by injecting a blue polymer into the vessels of a surgicaUy excised colon 
cancer and then eliminating aU tissue. The region resembling a crystal in the full 
cast ( left part of top itnage) was formed by a dia Uc cluster f microscopic vessels; 
the hole at the ceatcr of the region arose because ihc area lacked a blood supply, 
llie close-up view (bottom) highlights one of many structural abnomiaiiUes of tu- 
mors: a number of the vessels are tormous and twis( into corkscrcwiike coils that 
can contribute to a marlced slowing of blood flow. 
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FLUORESCENTLY LABELED MOLECULES ( H^/iifc) were phot<h 
graphed soon afrer they entered small blood vessels in the 
outer nm of a tumor {left) and, later, after they began seeping 
Inio the interstitial matrix surrounding the vessels {right) 
The molecules were able to cross some vessel walls into the 



matrix but not others, such as the right wall in the rightmost 
vessel, -r^ey also made their way through parts of thf 

The differences result to a great extent from variability in Uie 
porosity of both the vessels and the matrix in the pcriphen^ 



tumor. Then the pressure would drop 
steeply to near zero in the periphery, 
where it would approach the low pres- 
sures in the surrounding normal tissue. 

The finding of a uniformly elevated 
pressure profUe startled us because ev- 
ery other parameter that had been mea 
sured in tumors (or has since been mea- 
sured) was nonuniform. Not only is the 
distribution of blood vessels uneven 
and changeable, but the rate of blood 
flow can also change with time, even in 
a single vessel. Moreover, some vessels 
are extremely porous, or leaky, whereas 
others are not. And a single vessel can 
be abn rmally leaky in one region but 
reladveiy nonporous in another. 

No experimental dau in the scientific 
literature could confirm or refute the 
model's predictions, and so a postdoc- 
toral fell w in my group undertook to 
measure interstitial pressiu-es through- 
out animal tumors. As predicted, he 
found that the pressure in large solid 
tumors (those greater than about half a 
centimeter in diameter) was uniformly 
high everywhere except in the outer rim. 
Other laboratories have now confirmed 
these results in animals. Since 1990 wq 
have collaborated with physicians at the 
Umvcrsity of Pittsburgh, at the Univer 
sity of Munich and at Massachusetts 
General Hospital to measure pressures 
in solid tumors of patients undcrgomg 
treatment. The pressures arc as high as 
those in animals, sometimes higher 

Part of the 1987 h^'pothcsis has thus 
been borne out; interstitial pressure in 
large tumors is abnormally high. Bui is 
the elevation sufficicni to cause scnous 
impairment of the convective flow of 
large drug molecules? That is. is the 
pressure in interstitial tissue equal to 
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or higher than the pressure in the mi- 
crovascular network? Our mathemati- 
cal model suggested they would be 
about equal. Simultaneous measure- 
ments of microvascular and interstitial 
pressures in animal tumors have recent- 
ly validated this prediction. The mea- 
surements also indicate that the pres- 
sure in tumor blood vessels is higher 
than it is in nonmai capillaries. We think 
this elevation stems mainly from the 
direct and indirect compression of the 
vessels by proliferating cells. The un- 
usual architecture of the vasculature 
and the high viscosity of blood in Oi- 
mors apparendy contribute as well. 

Together the experimental and theo- 
retical findings fit well into the foUow- 
ing scenario for the development of 
pressure-related barriers to drug accu- 
mulation in the interstitium. A tumor 
initially grows in the midst of normal 
tissue and makes use of the existing 
vasculature. At this stage, it displays 
low interstitial and vascular pressure 
and rcUes on the existing lymphatic 
system to drain excess fluid from the 
interstitial matrix. As the tumor grows 
It produces new, often leakv blood ves- 
sels but is unable to form its ox^ti l>-m- 
phatic system. Meanwhile the abnormal 
geometry of blood vessels slows the 
rate of blood How. This slouing. com- 
bined with compression by tumor cells 
and other factors, elevates the pressure 
in the vessels. Fluid seeps coptouslv out 
of them into the mainx and. in ihc ab- 
sence of a functional l>7iiphattc s\ stem 
IS not removed cfficicmly. 

As the lluid builds in the inrcrstmum 
so does the pressure. EvenrualK ihc 
pressure in the vessels and ihc rnairi.v 
equalizes. At that point, small mole 



cules flowing in the blood continue to 
escape readily by diffusion (albeit only 
m areas that srill have a blood supply) 
But larger molecules often remained 
confined m blood vessels, except in the 
penphery. where interstitial pressure is 
close to normal. Some large molecules 
do cross into the interstitium by diffu 
sion, but they do so slowly. Hence, the 

the orculaDon oefore they can accumu- 
late to optimal concentration in tumors, 

The challenges faced by therapeu 
tic agents persist even after they 
find their way into the intersti 
tium. To be fully effective, they must 
spread throughout the matrix to ceUs 
not directly fed by blood vessels. Small 
moleciiles make the trip fairly easUy 
(by diffusion) if they are not degraded, 
reabsorbed by microvessels or stopped 
by other processes. But large, convec- 
tion-dependent molecules have a much 
harder time; the uniform pressure in 
most of a tumor's interior keeps con- 
vection from operating there. 

Ironically, convection docs function 
in the pcriphory-regTcttably. in the 
vvTonR direction. Recall that pressure 
plummets at the tumor margin, where 
It approaches that of the surroundinp. 
normal tissue. In consequence, fluid 
flows from tlic outermost boundar>' of 
the hjfih-pressurc region into the pe- 
riphery and away from the cancer, Giil 
lino measured the magiutude of tins 
movement in 197-1. He found that ap 
provimaiely 10 percent of the blood 
lluid lca\'inR a solid tumor oozes out 
from Its penphery* rather than draininj; 
via a \em. Ue and others have since 
confirmed Ins findinj^. The liquid escap- 





log from the tumor siame canies drug 
molecules out and away from the tu- 
mor in the process. . . 

F6r molecules that xenu^ 
tecstitium, the ften'^slow process of 
dlfifiision is the only available means of 
dispersion t poorly peifused areas. In 
mathematical terms, the time required 
to move some distance by diffusion is 
proportional to the square of the dis- 
tance. That is, if it takes a molecule one 
minute to travel one micron, the mole- 
cule will require four minutes (2^) to 
move two microns and 16 minutes (4^) 
to move four microns. In contrast, the 
time required to move by convection, if 
it w^ operating, would be directly pro- 
portional to the distance alone. In other 
words, a molecule that spent one min- 
ute traveling across one micron of tis- 
sue by convection would require only 
two minutes to travd two microns and 
four minutes to travel four microns. 

How long might it take for macro- 



molecules at the periphery of a tumor 
to spread to the center by diffusion? To 
gain a sense f the answer, we ii^lected 
molecules having different sizes, shapes 
and charge distributions into ahinials 
and measured the time it took for 
themt pass through the tissue visible 
in our transparent windows. We then 
fed this information into a mathonati- 
cal model that aQc wed us to calculate 
the time it %vould take for the mole- 
cules to reach uniform concentrations 
in tumors of different sizes and physi- 
ological characteristics. We found, for 
instance, tfiat a continuously supplied 
monoclonal antibody having a molecu- 
lar weight of 1 50.000 daltons could take 
several months to reach a uniform con- 
centration in a tumor that measured 
one centimeter in radius and had no 
blood supply in its center. 

Such slow spread could easily hinder 
the ability of macromolecules, inchid- 
ing the new generation of genetically 



engineered drugs, to mdicate tumors. 
Agents delivered to Che bk>odstream do 
not survive there indefinitely. Repeated 
doses would therefore have to be deliv- 
ered to maintain elevated concentra- 
tions in the blood for as long as would 
be needed to achieve complete penetra- 
tion of a tumor. Ongoing delivety would 
not only be expensive, it could also be 
haimfid to some nonnal tissues that 
took up the drugs. (For any drug to be 
acceptable as a therapy, it must work 
without causing seiious iireversfble 
damage to he4lthy tissue.) Repeated 
dosing could also lead the immune sys- 
tem to manufacture antibodies and oth- 
er agents that %vould degrade the drug 
before it could achieve its maximal 
effect 

Other impediments to passage in the 
interstitium are also under investiga- 
tion by us and by others. These studies 
indicate that many genetically engi- 
neered drugs are sticky; this property 



IKTERSTTTIUM IN tOW-mESSUR£2DNE^.?yv3' 



Pressure Patterns 
in Human Tumors 

Pressure in the interstitiai 
tissue of solid tumors Is 
uniformly elevated \top lefth 
except In the outermost rim, 
where It drops precipitously. 
The elevated pressure In the 
Inner zone can Impede 
movement of large drug 
m lecules Into the ma- 
trix from the blood- 
stream—for a simple 
reason. Large mole- 
cules travel mainly by 
c nvection, flowing In 
fluid from a high- to a 
low-pressure region. In 
the outer zone of a tumor 
(top detail), the vascular 
pressure is higher than it is in 
the interstitium, and so biood 
fluid (gray) laden with drug 
molecules (blue) seeps (ar- 
rows) into the interstitium. In 
the inner zone (bottom detail), 
the Interstitial pressure is at>out 
equal to that in the blood ves- 
sels; hence, convection virtual- 
ly ceases. High interior pres- 
sure, which was predicted by a 
mathematical model, has now 
been found in humans (table) 
as well as In animals. The pres* 
sure readings listed are mea- 
sured in millimeters of mercur/. 



ZONE OF ALMOST 
NORMAL PRESSURE 




INTERSTTnAL PRESSURE IN HUMAN TUMORS 



.tvpeof.tissue:. 



•NUMBER OF PATIENTSV - MEAN PRESSURE ; 



normal skin 
renal cell carcinomas 
cervical carcinomas 
colorectal uver metastases 
head and neck carcinomas 
breast carcinomas 
metastatk: melanomas 
lung carcinomas ! 



5 
1 

26 
8 

27 
6 

12 

26 



a4 . r•'^ \: 

19.0 
14.3 
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stows the tate of diffusion. Just as sticky 
shoe soles would handicap someone 
naming a race. Moreover, enzymes in 
the interstitial compartment might de- 
grade some drugs before they have the 
pportunity to act on target ceils. Tu- 
mors also display metabolic disorders 
chat can reduce the efiTectiveness of 
some drugs and radiation. For instance, 
the relative lack of oxygen in tumors 
may lead cancer cells to secrete high 
levels of lactic add. A number of drugs 
wiU break down or fail to work in an 
acidic environment 

Oddly enough, the very faaore that 
act as Impediments to penetration can • 
occasionally be benefidal. For example, 
stickiness can help retain a drug in a 
tumor. Some drugs work better in an 
addic or hypoxic envirotrnmit Birther, 
if a compound can overcome the multi- 
farious roadblocks and eventually ac- 
cumulate in a poorly vascularized area, 
the lack f a blood supply becomes a 
bonus. In what we refer to as the reser- 
voir phenomenon, the accumulated 
drug, which has few avenues of escape, 
can serve as a reservoir that releases 
the drug graduaUy into ndi^rlng re- 
gions of a tumor. 

Certain banters that confront drug 
molecules also hinder the delivery of 
white Uood cells administered as anti- 
cancer weapons. The heteiogeneous 
blood supply of tumors is dcKxty a ma- 
jor barrio; Just as it is for molecules. 
We are still trying to determine the ex- 
tent to which cancers resist extravasa- 
tion and intostitial migration by wfai te 
cdb. The cells* ability to leave blood 
vessels may depend less on pressure 



gradients than on their ability to attach 
to endothelial cells in vessel walls and 
to deform themselves in \vays that in- 
aease their contaa with.the walL These 
behaviors help the cells to squeeze be- 
tween endothelial cells and thus propel 
themselves out of the vascular system. 

Once cells are in the interstitial ma- 
trix, they migrate by attaching to the 
matrix and crawling through it. The ef- 
fidency of tills movement is again in- 
fluenced by the cells' adhesive proper- 
ties and deformability as well as by 
various characteristics of the tumor tis- 
sue. For instance, certain molecules in 
the tumor milieu can facilitate or ham- 
per cell motility; others control the di- 
rection in wtiich the cells migrate. More 
study of these processes is needed. 

f should note that when therapeutic 
cells or molecules evmtually reach can- 
cer cells, their problems do not end. 
They may encounter added resistance 
from the cells themselves. Other labo- 
ratories are studying that phenomenon 
Isee "Multidrug Resistance in Cancer," 
byNoibettKartxK^andViaorLing;Sa- . 
QOTFIC AMERTCAN, March 19891, 



If. as our data indkate. the obstades 
to drug dispersion in tumors can 
be fomiidable, what might be done 
to circumvent or eliminate the barriers? 
No perfect solutions have emerged, but 
intriguing approaches have been pro-^ 
posed. As ever, early detection and 
treatmait can be beneficial. Compared 
with established tumors, small ones 
tend to have a more uniform dtculato- 
ry system and lower interstitial pres- 
sure. Tliey should therefore be easier 



for conventional and novel drugs to 
penetrate. 

For large armors, various two- and 
three-step approaches to treatment are 
under study. In one of Uian, an antt- 
body that binds selectivdy to some 
molecular constituent of the tumor is 
liriked to an enzyme to fonn %vhat is 
called an abzyme. The enzyme chosen 
is one tfiat has no apparent cffea on the 
body but is capable of convetting an in- 
active form of a seleaed. small dnig 
molecule (a prodrug) into a nmior-kill- 
ing agent A very large dose of tfie ab- 
zyme is ir^ected into the bloodstream 
so that it can accumulate in a tumor in 
spite of slow exnavasation and slow in- 
terstitial diffusion. High doses can be 
used because neither the antibody nor 
the enzyme component significandy 
harms normal tissue. The prodrug is 
ir^ected once the abzyme accumulates 
in the tumor and is cleared from nor- 
mal tissues and tiie systemic circula- 
tion. Being small, it can readily diflfuse 
out of the tumor circulation; In the in- 
tmtitial mamx, it should ^Kounter the 
abzyme, become activated and wend 
through the tumor, eradicating malig- 
nant cells, iiufiuiaug 

Another strategy for evading the bar- 
riers to drug dispersion *vould be to in- 
Jea patients with liposomes (fatty vesi- 

of low molecular wieight-The newc^ 
generation of liposomes persists for a 
long while in the blood. Hence, the vesi- 
cles shcmld have time to exit from leak-y 
areas of vessels and to reach reasonably 
high levels in ttie surrounding Uitersti- 
tium. There the liposomes %vould grad- 
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SEGMEhrr OF A TtJMOR indudcs wcll-perfuscd. moderately 
pcrfuswi and n npcrfuscd zones (left); a fuh nunor can have 
many slnUlarly heterogeneous areas. Drug m Iccuics (blue) 
that reach Oie intcrstiUum from blood vessels (red) im' 
mediately attempt to diffuse from well perfused zones 
(wbere the concentration of Uic drag is the highcsi) to poorly 
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pcrftiscd. low<onccntration zones (biack arrows in right im- 
o^e) But many of the molecules never complete the journey. 
/ ^ washed away in fluid oozing from the pc- 
E- ^'^^^f'^'''*'^- undergo processes-such 

nffir^nH V"? ^^"^ interstitial matrix or dcgradaii n-ihat sig- 
ruficantiy delay r halt their progress. 



ually release the dmg. which ivould pro- 
ceed to disperse throughout the tumor. 

The abzyme and liposome strategics, 
like others that exploit small molecules, 
have an Achilles' heel, however. As not- 
ed earlier, small molecules can degrade 
quickly. They can also seep back into 
tumor vessels and be cleared away from 
tumors as easily as they diffuse out of 
blood vessels. They may thus disappear 
before they have fulfilled their cell-kill- 
ing responsibilities. Furthermore, high 
rates of extravasation occur only at 
sites where vessel walls are leaky. 

As research improves understanding 
of the factors that govern blood flow 
and the movement of molecules and 
cells within tumors, workers should be 
able to invent tools that do not merely 
evade barriers to drug delivery but ac- 
tually eliminate them. To be more pre- 
cise, investigators should be able to in- 
crease perfusion in poorly vascularized 
areas, increase permeability of tumor 
vessels, reduce interstitial pressure and 
increase the rate of interstitial trans- 
port. Unfortunately, very few laborato- 
ries are studying the causes of nonimi- 
form blood flow and high pressure in 
tumors. Work would proceed more 
quickly if more investigators became 
involved. 

Nevertheless, some progress has 
been made, particularly In low- 
ering pressure. For example, we 
recently foimd that the drugs pentoxi- 
fylline and nicotinamide can reduce in- 
terstitial pressure in human timiors 
grown in animals. These agents are also 
known to increase the oxygen supply 
in various tumors, which is a benefit 
for radiation therapy. We also find that 
irradiating cervical cancers in women 
sometimes lowers interstitial pressure. 
Whether such treatment ivill improve 
the uptake of drugs in patients remains 
to be seen. Still, several studies in the 
scientific literature show that after hu- 
man tumors grown in animals are irra- 
diated, they accrue increased amounts 
of injected antibodies. 

Another pressure-related strateg\' 
may combat tumors confined to one 
region. The approach calls for mbdng a 
drug with a large amount of fluid and 
injecting the mLvture directly into the 
center of a tumor. This act would in 
crease the pressure at the core of the 
tumor relative to the surrounding tu 
mor tissue. As a result, the drug would 
spread along the induced pressure gra 
diem by convection, from tlie core 
llirough (he surrounding region (o the 
periphery. Thjs approach is now bcinR 
earned out in brain and other tumors. 

Alternatively, if a tumor's vascular 
system could be destroyed completely. 




BRIGHT SPOTS clustered around blood vessils idark tubes) are flu rescentl) 
beled liposomes that have seeped from leaky areas of the vessels int the inte 
tial matrix at the periphery of a rumor. Liposomes may one day serve as vehi* 
for delivering drugs to the interstitium. There the liposomes would presumably 
lease drugs over the prolonged period needed to enhance penetration in the 
trix. The extent of liposome transport to the interstitium would be improved, h 
ever, if the permeability of nooleaky tumor vessels could somehow be increas- 



no drug would have to extravasate or 
cope with the interstitium. The persis- 
tent, total lack of nourishment would, 
be expected to starve and eventually^^l 
kill tumor cells. A variety of dru^s— ' 
among them tumor necrosis factor and 
monoclonal antibodies that recognize 
endothelial cells or the subendothelial 
matrix— have the potential to shut down 
the blood supply completely. Under 
some conditions, heating and photody- 
namic therapies can also impair the 
vasculature. A number of antiangiogen- 
esis approaches, pioneered by Judah 
Folkman of Harvard, are under active 
investigation in many laboratories and 
clinics. 

The white blood cells that are cur- 
rently being tested against various can- 
cers in human patients may prove use- 
ful as antivascular therapies as well. 
We have recently found ihai L\K cells 
adhere to the tumor \asajla[urc and 
impair the flow of blood u\ (he vessels. 
Thjs discovery* is consisioni vvuh the 
su^i^cstion thai in cases where these 
cells prove helpful to [jationts. they do 
so in part by disrupunp the r<jmor's 
blood supply. Thus. io\icit\ u, tumor 
cells may not be the only effect of L\K 
t olls in the body. Tiu' fmdmj^ further 
imphes that combining', timivascular 
tlieiapies with itierapu's that are de- 
sij^ned to attack cancer cells could well 
improve the effectiveness of both types 
of treatment. 

As the age of nioleailar niecLcine and 



therapy dawn: 
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